The evolutionary transition between winglessness and a full-winged morphology requires 29 selective advantage for intermediate forms. Conversely, repeated secondary wing 30 reductions among the pterygotes indicates relaxation of such selection. However, 31 evolutionary trajectories of such transitions are not well characterized. The stick insects 32 (Phasmatodea) exhibit diverse wing sizes at both interspecific and intersexual levels, and 33 thus provide a system for examining how selection on flight capability, along with other 34 selective forces, drives the evolution of flight-related morphology. Here, we examine 35 variation in relevant morphology for stick insects using data from 1100+ individuals 36 representing 765 species. Although wing size varies along a continuous spectrum, taxa 37 with either long or miniaturized wings are the most common, whereas those with 38 intermediate-sized wings are relatively rare. In a morphological space defined by wing 39 and body size, the aerodynamically relevant parameter termed wing loading (the average 40 pressure exerted on the air by the wings) varies according to sex-specific scaling laws; 41 volant but also flightless forms are the most common outcomes in both sexes. Using 42 phylogenetically-informed analyses, we show that wing size and body size are correlated 43 in long-wing insects regardless of sexual differences in morphology and ecology. These 44 results demonstrate the diversity of flight-related morphology in stick insects, and also 45 provided a general framework for addressing evolutionary coupling between wing and 46 body size. We also find indirect evidence for a 'fitness valley' associated with 47 intermediate-sized wings, suggesting relatively rapid evolutionary transitions between 48 wingless and volant forms.
Scaling of wing loading 158 The loss of aerodynamic capability was assessed using wing loading, the ratio of body weight to 159 total wing area. We sampled total wing area (Aw), body mass (m) and L from 23 males and 21 160 females of field-collected and captive-bred insects from 36 species (Supplementary Dataset 2) . 161 Digital images were obtained dorsally for insects placed on horizontal surfaces with all legs 162 laterally extended; projected areas of fully unfolded wings were manually extracted using 163 Photoshop (CS6, Adobe Systems Inc., San Jose, CA, USA). AW, Lw and L were measured using 164 ImageJ (Schneider et al., 2012) . The scaling of wing loading (pw) with Q was analyzed for both 165 sexes. First, we examined the allometric scaling of body mass based on the formula: Bayesian phylogenetic reconstruction 181 We used three mitochondrial genes (cytochrome oxidase subunit I (COI) gene, cytochrome 182 oxidase subunit II (COII) gene, and large subunit rRNA (28S) gene; total length 2149 bp) and 183 one nuclear gene (histone subunit 3 (H3) gene; 350 bp) (primer details in Supplementary suggested by the program. Then, we ran ten analyses for 2 × 10 8 generations each. We monitored 213 convergence and determined the burn-in using TRACER v1.7 (Rambaut et al., 2018) . After 214 discarding burn-in (25%), we used a maximum credibility approach to infer the consensus tree in 215 TreeAnnotator v1.10.4.
217
Phylogenetic correlations 218 A total of five morphological traits was used in phylogenetic analyses (L and Q of both sexes 219 and sex-averaged L, ΔQ, and ΔL). First, we calculated the phylogenetic signals (λ) for all 220 characters using the maximum-likelihood approach implemented in Phytools (Pagel, 1999; 221 Revell, 2012). This model was compared with alternative models where λ was forced to be 1 or 0 222 in order to find the best-fitting model. The best-fitting model was found using the likelihood ratio whereby the better fitting model has the highest log-likelihood score, Lh (Pagel, 1997 (Pagel, , 1999 227 Freckleton et al., 2002) . When λ = 0, this suggests trait evolution is independent of phylogenetic 228 association, which is equivalent to generalized least square (GLS) model. We also assessed the 229 evolutionary contexts of morphological traits with maximum-likelihood ancestral state 230 reconstruction using 'fastAnc' function in Phytools (Revell, 2012) .
231
For the species that lacked molecular data, we added them as polytomous tips to the node 232 representing the latest common ancestor on the tree. We then generated 100 random trees with 233 randomly resolved polytomous tips. Each new node was added using the function 'multi2di' . 3c ). In both sexes, the median body length of wingless group was greater than 267 that of the winged group. The GLS regression model suggested significant inverse correlation 268 between Q and L in long-wing males but not in other groups (Fig. 3d,e ). continuously varying SWD and female-biased SSD (Fig. 3g) . For A. tanarata group, the 276 reduction in coefficients of wing and body size toward higher altitudes was sex-specific ( Fig.   277 3d,e). Males showed a relatively higher extent of wing reduction, leading to a reversal of SWD 278 from male-to female-biased ( Fig. 3g) .
280
Sex-specific flight reduction 281 Scaling of wing area with wing length was nearly isometric, with an exponent (b) of 282 approximately 1.84 in both sexes (Fig. 4a) . The allometric scaling of insect mass with respect to 283 body length was, however, sex-dependent, with females exhibiting a higher slope coefficient and 284 scaling exponent relative to males (Fig. 4b) . Larger female phasmids thus have 285 disproportionally greater mass. Consequentially, the allometric coefficient for wing loading in 286 females was ~2.9 greater than that of males (Eqn. 4; Fig. 4c,d) ; females generally have much where `= X / Y is the ratio of the slope coefficient between two sexes. Given that `= 2.89 297 and = 1.84 (Table 1) , then rQ equals 1.78, suggesting that QF should be 78% greater than 298 9 QM to attain the same wing loading (Fig. 4e) . This outcome may partially underlie the high 299 frequency of female-biased SWD found in long-winged taxa (see Discussion).
301
Variation in wing loading can also be presented as a three-dimensional landscape relative 302 to wing and body size. The allometric effect is stronger in females, whereas males exhibit a 303 smaller lower boundary for wing loading (Fig. 5a,b) . Projecting the species richness distribution 304 onto these landscapes demonstrates clustering of taxa on the wing loading functional landscape 305 (Fig. 5c,d) . Both sexes showed two major clusters associated with low and high wing loadings, 2018; Fig. 6; Supplementary Fig. S2) Fig. S4 ).
327
Based on PGLS results, there was a significant inverse correlation between Q and L in 328 long-wing insects (Q > 0.33) of both sexes ( Fig. 7a,b; Table 3 ), which supported our initial 329 hypothesis on evolutionary coupling between wing and body size. In addition, sex-averaged 330 body size was coupled with the extent of both SWD and SSD in long-wing species (Q > 0.33 in 331 both sexes), suggesting opposite trends of variation in SWD and SSD along the gradient of sex-332 averaged body size (Fig. 7c) . An exemplar of this correlation is demonstrated in Fig. 7d and e, 333 whereby increases in SSD and SWD both lead to greater sexual differences in wing loading.
334
Short-wing insects generally lacked significant correlation between wing and body size (Fig.   335 7a,c). Across all winged species, variation in female traits contributed more substantially to 336 intersexual differences, as shown by the predominant roles of female Q and L values in 337 determining variation in SWD and SSD, respectively ( Supplementary Fig. S6 , Table S2 ). 
Discussion

342
Most winged phasmid species possess either small or large wings (Fig. 3b) loading landscape (Fig. 8a) , reflecting effects of dual variation in wing and body size. This 359 multidimensional view provides a more complete perspective than consideration of wing size 360 alone (as otherwise indicated by the inset arrows of Fig. 8a) .
362
Flight in general enhances resource acquisition, dispersal, and escape from predators Supplementary Table S3 ). Altitudinal changes in life history strategies likely contribute to both 369 body size miniaturization and wing reduction, as in the A. tanarata clade (Fig. 2b) . For high-
370
altitude species more generally, lower plant canopies at high elevations may reduce the 371 functional significance of flight. By contrast, phasmid species with high dietary specificity might 372 experience stronger selection for flight performance (e.g., Blüthgen et al., 2006) . No data are 373 presently available on flight abilities and associated aerodynamics among phasmid species.
375
For long-wing stick insects, aerial mobility may be an important component in sexual 376 selection for enhanced male locomotor performance. Female phasmids tend to be less mobile and 377 inconspicuous, whereas greater mobility in males may allow for greater success in dispersal and 378 mating. The inverse correlation between wing and body size in male stick insects (Fig. 7a,b ) 379 suggests that selection for flight has limited the evolution of larger body size. Similar selection 380 on male mobility and an enhanced locomotor apparatus has been documented in other male 381 insects (Kelly et al., 2008) . In wingless and short-wing species, larger body size might make a 382 species more competitive in male-male competition (see Sivinski, 1978) . A developmental 383 tradeoff may limit the evolution of wing size, as shown by the inverse correlation between 384 mating success and flight capability (e.g., in Orthopteran and Hemipteran insects; Fujisaki, 1992;
385
Crnokrak and Roff, 1995; Fairbairn and Preziosi, 1996) . Future studies may compare the 386 11 variation of male body size between winged and wingless clades to test whether the evolution of 387 male body size is constrained by selection for flight.
389
Sexual differences in mass allometry and body size are key factors influencing the 390 evolution of phasmid wing dimorphism. Selection for increased fecundity will favor wing 391 reduction in females, which can then lead to male-biased SWD as well as the evolution of 392 defensive mechanisms that do not rely on flight; strong selection for flight capability may lead to 393 female-biased SWD. Large female wings may be specifically favored in winged species with 394 aerial copulation (e.g., Trachythorax spp.). Female-biased SSD is likely a canalized feature in 395 orthopteroid insects, more generally (see Bidau et. al., 2016) . In winged stick insects, the degree 396 of SSD is clearly influenced by fecundity selection in females and flight selection in males. The 397 allometric variation in SSD (i.e., the inverse correlation between ΔL and sex-averaged L; see 398 Fig. 7c,d) is consistent with Rensch's Rule (i.e., females are disproportionally larger in large 399 species; Abouheif and Fairbairn, 1997; Fairbairn, 1997; Teder and Tammaru, 2005) , instead of 400 the converse outcome (i.e., isometric scaling in both sexes). This result may, however, be biased 401 by allometric changes in body shape. For example, many phasmid species exhibit 402 disproportionately slender bodies that may mimic plant stems, whereas other species have 403 evolved thickened bodies for defense (e.g., the 'tree lobster' ecomorph; Buckley et al., 2008) . In 404 scaling of wing loading (Fig. 4d) , the contrast between H. dilatata male (family In winged phasmids, SSD and SWD are significantly correlated but not within either short-411 or long-wing species ( Fig. 7c; Supplementary Fig. S3 ), reflecting the interaction between 412 multiple selective forces within sex-specific ecological contexts (Fig. 8a) . The evolutionary 413 intercorrelation between SSD and SWD is generally underexplored for most other insects.
414
Pterygote insects in general exhibit various types of SWD (e.g., male-biased and female-biased 415 SWD have been reported in at least 11 and 5 orders, respectively; see Thayer, 1992) , which can 
